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Introduction {#jah31932-sec-0004}
============

Atherosclerosis is a progressive disease characterized by the accumulation of lipids, recruitment of monocytes, and formation of foam cells.[1](#jah31932-bib-0001){ref-type="ref"} It plays a vital role in the development of cardiovascular disease, and it is the leading cause of morbidity and mortality worldwide.[2](#jah31932-bib-0002){ref-type="ref"}, [3](#jah31932-bib-0003){ref-type="ref"} Monocyte/macrophage‐derived foam cells contribute to the initiation of atherogenesis through uptake of modified forms of low‐density lipoprotein (LDL).[4](#jah31932-bib-0004){ref-type="ref"} Previous studies have revealed that atherosclerosis is highly related to inflammation and apoptosis, which can result in the rupture of plaques and occurrence of thrombosis.[5](#jah31932-bib-0005){ref-type="ref"}, [6](#jah31932-bib-0006){ref-type="ref"} Therefore, identifying the molecular mechanism that contributes to atherogenesis alleviation will provide a novel treatment strategy.

Caspase‐activated DNase (CAD), ICAD also known as DNA fragmentation factor‐40 (DFF40), is a magnesium‐dependent endonuclease that is specific to double‐strand DNA and is responsible for apoptotic degradation and chromatin condensation.[7](#jah31932-bib-0007){ref-type="ref"} CAD is expressed in various tissues and cell types, including the heart, kidney, pancreas, spleen, prostate, ovary, and peripheral blood leukocytes.[8](#jah31932-bib-0008){ref-type="ref"} CAD usually presents as a complex with its inhibitor, ICAD (also known as DFF45), which can be cleaved by the transactivation of caspases from apoptotic signals, and then this results in the release of CAD, which causes DNA fragmentation in nuclei.[7](#jah31932-bib-0007){ref-type="ref"} Moreover, CAD is not only involved in the apoptotic program, but is also regarded as a promoter of cell differentiation,[9](#jah31932-bib-0009){ref-type="ref"} which is involved in the initiation of atherosclerotic lesions. A previous study from our group demonstrated that upregulation of CAD aggravates pressure overload‐induced cardiac hypertrophy and heart failure.[10](#jah31932-bib-0010){ref-type="ref"} However, it still remains unclear regarding the effect of CAD on the progression of atherosclerosis.

In the current study, we found that CAD expression was dramatically increased in the atherosclerotic lesions of both CHD patients and high‐fat diet (HFD)‐treated ApoE‐deficient mice. We hypothesized that CAD may be involved in the development of atherosclerosis. To investigate this hypothesis, CAD^−/−^ApoE^−/−^ mice were used to assess the extent of atherosclerotic lesions and explore the related mechanism.

Materials and Methods {#jah31932-sec-0005}
=====================

Mice and Diets {#jah31932-sec-0006}
--------------

The 8‐week‐old ApoE knockout mice were obtained from The Jackson Laboratory (Stock No. 002052; The Jackson Laboratory, Bar Harbor, ME), and the CAD knockout mice were purchased from RIKEN BioResource Center (Stock No. 01723; RIKEN BioResource Center, Tsukuba, Japan). The double‐knockout mice were generated by crossing the ApoE^−/−^ mice with the CAD^−/−^ mice. The 30 mice from each group were fed an HFD (15.8% fat and 1.25% cholesterol) for 28 weeks. The animals' body weight and serum lipid levels were measured at the beginning of the experiment and when they were sacrificed. All of the animal protocols were approved by the Animal Care and Use Committee of the Renmin Hospital of Wuhan University (Wuhan, China).

Human Specimens {#jah31932-sec-0007}
---------------

Atherosclerotic plaques were collected from the right coronary artery of CHD patients (n=6), whereas the artery was from normal donors (n=4) without cardiac reasons who were inadaptable for transplantation as the control samples. Written informed consent was obtained from relevant families. All the procedures involving human samples were carried out according to the principles outlined in the Declaration of Helsinki and were approved by the Renmin Hospital of Wuhan University Institutional Review Board, Wuhan, and the Institution Review Board for Human Studies of Nanjing Medical University, Nanjing, China.

En Face Analysis of Atherosclerosis and Plaque Histology {#jah31932-sec-0008}
--------------------------------------------------------

All mice were euthanized after 28 weeks on the HFD, and the aortas were collected from the base ascending aorta to the iliac bifurcation. The analysis of lesion areas on the entire aorta, aortic roots, and aortic arches were performed as described[11](#jah31932-bib-0011){ref-type="ref"} and quantified with Image‐Pro Plus 6.0 (Image Metrology, Copenhagen, Denmark).

Quantitative Real‐Time Polymerase Chain Reaction and Western Blotting {#jah31932-sec-0009}
---------------------------------------------------------------------

Isolation of total RNA from the whole aortas was conducted using TRIzol reagent (Roche, Indianapolis, IN). Then, DNase‐treated RNA was reverse‐transcribed with a Transcriptor First Strand cDNA Synthesis Kit (Roche).[12](#jah31932-bib-0012){ref-type="ref"} Quantitative real‐time polymerase chain reaction (PCR) reactions were conducted with the LightCycler 480 Real‐time PCR system (Roche) in accord with the manufacturer\'s guide. The levels of expression of target genes were normalized to GAPDH and then computed and expressed as relative mRNA levels compared to the internal control. Proteins extracted from the aortas were homogenized in lysis buffer and processed as described.[13](#jah31932-bib-0013){ref-type="ref"} The protein expression levels were quantified and normalized to the GAPDH control. All antibodies used in this study are listed in Table S1.

Immunofluorescence and TUNEL Staining {#jah31932-sec-0010}
-------------------------------------

The slices from the aortic sinus were incubated with primary antibodies followed by corresponding secondary antibody incubation as described.[14](#jah31932-bib-0014){ref-type="ref"} For costaining for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and CD68, tissue sections were first stained with CD68 antibody, followed by TUNEL staining with an ApopTagPlus In Situ Apoptosis Fluorescein Detection Kit (S7111; Millipore, Billerica, MA), according to the manufacturer\'s protocol. Images were captured using a fluorescence microscope (OLYMPUS DX51; Olympus, Tokyo, Japan) and were analyzed with Image Pro Plus 6.0. All the antibodies used are listed in Table S2.

Irradiation and Bone Marrow Transplantation {#jah31932-sec-0011}
-------------------------------------------

In our experiment, ApoE^−/−^ mice (8 weeks old) were used as bone marrow recipients. Bone marrow cells were collected from the femurs and tibias of CAD^−/−^ApoE^−/−^ mice and ApoE^−/−^ mice, which were used as the donors. The chimeras were obtained as described[15](#jah31932-bib-0015){ref-type="ref"}, [16](#jah31932-bib-0016){ref-type="ref"} and fed normal chow for 4 to 5 weeks after bone marrow transplantation (BMT) to allow for bone marrow reconstitution and then switched to the HFD for an additional 16 weeks to induce rapid lesion formation.[17](#jah31932-bib-0017){ref-type="ref"} Then, all mice were sacrificed, and the entire aortas and hearts were harvested for study.

Foam Cell Formation {#jah31932-sec-0012}
-------------------

Bone marrow cells were isolated from femurs and tibias of CAD^−/−^ApoE^−/−^ mice and ApoE^−/−^ mice and then cultured in complete RPMI‐1640 medium. After 8 days' cultivation, bone marrow‐derived macrophages (BMDMs) were generated and incubated in humidified 5% CO~2~ at 37°C. Then, BMDMs were stimulated with 15 μg/mL of oxidized LDL (Ox‐LDL) for 24 hours. Cells were stained with Oil Red O. Images were then captured and foam cell optical density was quantified.

Statistical Analysis {#jah31932-sec-0013}
--------------------

All data are represented as the mean±SEM. The differences between 2 groups were compared using the 2‐tailed Student *t* test or the Wilcoxon rank sum, whereas the differences among more than 2 groups were evaluated through 1‐way ANOVA. A value of *P*\<0.05 was considered statistically significant. All of the statistical analyses were performed with SPSS software (version 16.0; SPSS, Inc., Chicago, IL).

Results {#jah31932-sec-0014}
=======

CAD Expression Is Upregulated in Both Human and Mouse Atherosclerotic Plaques {#jah31932-sec-0015}
-----------------------------------------------------------------------------

To investigate the potential role of CAD in the progression of atherosclerosis, we examined whether CAD expression levels were altered in atheromatous plaques. Interestingly, CAD expression in the right coronary artery of CHD patients was significantly increased compared with that of normal donors according to western blot analysis (Figure [1](#jah31932-fig-0001){ref-type="fig"}A). Aortas from the HFD‐fed ApoE^−/−^ mice showed a sharp upregulation of CAD expression in the indicated time that followed the atherogenesis (Figure [1](#jah31932-fig-0001){ref-type="fig"}B). Double‐immunofluorescence staining of human coronary artery wall samples indicated that the expression of CAD was increased in atherosclerotic plaques, in contrast to that in healthy donors, and CAD was expressed predominantly in macrophages (Figure [1](#jah31932-fig-0001){ref-type="fig"}C). Similarly, CAD expression was enhanced in plaques of HFD‐fed mice compared to that in normal chow‐fed mice, where it associated mainly with plaque macrophages (Figure [1](#jah31932-fig-0001){ref-type="fig"}D). However, in both human and mouse plaques, there was little change in CAD expression in smooth muscle cells and endothelial cells (Figure [1](#jah31932-fig-0001){ref-type="fig"}E and [1](#jah31932-fig-0001){ref-type="fig"}F). Taken together, these results indicate that CAD expression is upregulated in human and mouse atherosclerotic plaques, mainly in macrophages, suggesting that CAD might be involved in the development of atherosclerosis.

![CAD expression is upregulated in both human and mouse atherosclerotic plaques. A, Western blot analysis of CAD in atheromatous plaques from normal donors and patients with coronary heart disease (CHD). Protein levels of CAD were normalized to the loading control. \**P*\<0.05 versus donors. B, Western blot analysis of CAD from ApoE^−/−^ mice fed a high‐fat diet in the indicated time (0, 8, 16, and 28 weeks). Protein levels of CAD were normalized to the loading control. \**P*\<0.05 versus 0 week; ^\#^ *P*\<0.05 versus 8 weeks; ^†^ *P*\<0.05 versus 16 weeks. C and D, (Left panel) Representative images of double‐immunofluorescence staining of human coronary arteries and the aortic sinus from ApoE^−/−^ mice for CAD (green) and CD68 (macrophages, red), respectively. (Right panel) Quantitative analyses of immunofluorescence staining. \**P*\<0.05 versus normal and ApoE^−/−^ mice, respectively. E, Coimmunofluorescence staining of human coronary arteries from patients with CHD for CAD (red) and SMA (smooth muscle cells, green), and CD31 (endothelium, green), respectively. F, Representative images of double‐immunofluorescence staining of cross sections of the aortic sinus from ApoE^−/−^ mice for CAD (red) and SMA (smooth muscle cells, green), and CD31 (endothelium, green), respectively. The original magnification is ×20 or ×40. Scale bar=100 μm in (C) through (F). CAD indicates caspase‐activated DNase; CHD, coronary heart disease; DAPI, 4',6‐diamidino‐2‐phenylindole; HFD, high‐fat diet; NC, normal controls; SMA, smooth muscle actin.](JAH3-5-e004362-g001){#jah31932-fig-0001}

CAD Deficiency Alleviates the Development of Atherosclerosis {#jah31932-sec-0016}
------------------------------------------------------------

To verify whether CAD expression plays a role in atherosclerosis, a global knockout of the CAD mouse model with an ApoE deficiency background (CAD^−/−^ApoE^−/−^) was used. Deficiency of CAD was confirmed by western blot (Figure [2](#jah31932-fig-0002){ref-type="fig"}A). After atherogenesis induction, the aortas were collected and stained with Oil Red O to analyze the plaque occupation on entire aortas. The results revealed that smaller atheromatous plaques developed in CAD^−/−^ApoE^−/−^ mice compared to those in the controls (Figure [2](#jah31932-fig-0002){ref-type="fig"}B). In addition, a distinct reduction in atherosclerotic lesions was observed in the aortic sinuses, brachiocephalic arteries, and aortic arches of CAD^−/−^ApoE^−/−^ mice after hematoxylin and eosin staining (Figure [2](#jah31932-fig-0002){ref-type="fig"}C through [2](#jah31932-fig-0002){ref-type="fig"}E). Even though an HFD can result in hyperlipidemia, no significant differences in the body weight and serum lipid levels (including triglycerides, total cholesterol, and lipoprotein concentration) were observed between the 2 genotypes (Table S3). Thus, these data indicate that CAD deficiency is protective against atherosclerosis in mice.

![CAD knockout alleviates development of atherosclerosis. A, Loss of CAD expression was confirmed by immunoblotting. B, Representative images of en face with Oil Red O staining of aortas of NC or HFD‐fed CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ littermates are shown in the left panel. Lesion occupation on the whole aorta was quantified (Right panel). n=10. \**P*\<0.05 versus ApoE^−/−^ HF group; NS, no significance. C through E, (Left) Representative images of hematoxylin and eosin--stained cross‐sections of aortic roots (n=10) (C), brachiocephalic arteries (n=4) (D), and aortic arches (n=3) (E). Scale bar=100 μm. (Right) Quantification of areas of atheromatous plagues. \**P*\<0.05 versus ApoE^−/−^ mice. CAD indicates caspase‐activated DNase; HF, high‐fat; HFD, high‐fat diet; NC, normal controls.](JAH3-5-e004362-g002){#jah31932-fig-0002}

CAD Knockout Improves Stability of Atherosclerotic Plaques {#jah31932-sec-0017}
----------------------------------------------------------

The necrotic core is a major determinant of plaque vulnerability, and these cores initially result from the accumulation of apoptotic macrophages.[6](#jah31932-bib-0006){ref-type="ref"} Thus, we measured the features of necrotic cores. Representative images of brachiocephalic arteries stained with picrosirius red (PSR) evinced that necrotic areas were obviously decreased in the lesions of CAD^−/−^ApoE^−/−^ mice compared to ApoE^−/−^ mice (Figure [3](#jah31932-fig-0003){ref-type="fig"}A). Additionally, CAD^−/−^ApoE^−/−^ mice showed thickened fibrous caps (indicated by black markers). These results were reconfirmed in the lesions of aortic roots, which showed smaller necrotic areas, but thicker fibrous caps in CAD‐knockout mice (Figure [3](#jah31932-fig-0003){ref-type="fig"}B). The major components of fibrous cap, collagen, and smooth muscle cells, which were stained with PSR and immunofluorescence, respectively, revealed a distinct increase in the lesions of CAD^−/−^ApoE^−/−^ mice in comparison to those of the controls (Figure [3](#jah31932-fig-0003){ref-type="fig"}C and [3](#jah31932-fig-0003){ref-type="fig"}D). Meanwhile, the content of macrophages was reduced in the plaques of CAD^−/−^ApoE^−/−^ mice, and the lipid areas stained with Oil Red O also exhibited a significant decrease in CAD^−/−^ApoE^−/−^ mice versus ApoE^−/−^ littermates (Figure [3](#jah31932-fig-0003){ref-type="fig"}E and [3](#jah31932-fig-0003){ref-type="fig"}F). These results indicated that CAD deficiency enhances the stability of atherosclerotic plaques, in addition to protecting ApoE^−/−^ against atherogenesis.

![Absence of CAD decreases necrotic areas and enhances stability of atheromatous plaques. A, (Left) PSR staining of histological sections of brachiocephalic arteries from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice. (Right) Quantification of the areas of necrotic cores of brachiocephalic arteries (n=5). \**P*\<0.05 versus ApoE^−/−^ mice. B, (Left) Representative images of PSR staining of aortic roots from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice. (Right) Quantification of the areas of necrotic cores of aortic roots (n=5). \**P*\<0.05 versus ApoE^−/−^ mice. C through F, (Left panel) Representative images of histological sections of aortic sinuses stained with PSR for collagen (C), SMA immunofluorescence for smooth muscle cells (D), CD68 for macrophages (E), and Oil Red O for lipids (F). Scale bar=100 μm. (Right panel) Atherosclerotic lesions from CAD ^−/−^ApoE^−/−^ mice displayed an increase in the percentage of collagen and smooth muscle cells, but a decrease in the percentage of macrophages and lipids compared to ApoE^−/−^ mice (n=5). \**P*\<0.05 versus ApoE^−/−^ mice. CAD indicates caspase‐activated DNase; PSR, picrosirius red; SMA, smooth muscle actin.](JAH3-5-e004362-g003){#jah31932-fig-0003}

CAD Deficiency in Marrow‐Derived Macrophages Attenuates Foam Cell Formation {#jah31932-sec-0018}
---------------------------------------------------------------------------

Considering that the expression of CAD was dramatically and specifically upregulated in the macrophages of the plaques, we performed a BMT experiment to further validate whether CAD in marrow‐derived macrophages exhibits a prominent regulatory function in the development of atherosclerosis. ApoE^−/−^ mice were used as the host, and the bone marrow cells from CAD^−/−^ApoE^−/−^ mice or ApoE^−/−^ mice were injected into the recipients, which were preconditioned by irradiation. The results of BMT were identified by the PCR assay (Figure [4](#jah31932-fig-0004){ref-type="fig"}A). As shown in Figure [4](#jah31932-fig-0004){ref-type="fig"}B, the CAD^−/−^ApoE^−/−^ transplantation mice exhibited fewer atheromatous plaques in their aortas compared with the aortas of the ApoE^−/−^ transplantation mice. Furthermore, the lesions in the aortic sinuses were also decreased in the CAD^−/−^ApoE^−/−^ chimeras (Figure [4](#jah31932-fig-0004){ref-type="fig"}C). These results indicate that the loss of CAD in macrophages derived from the bone marrow plays an important role in protecting against atherogenesis. Moreover, lipoprotein uptake by macrophages facilitates the formation of foam cells, which is critical for the production of inflammatory cytokines and apoptosis.[18](#jah31932-bib-0018){ref-type="ref"} Thus, we examined the effect of CAD on foam cells induced by PBS and Ox‐LDL by Oil Red O staining. The representative images revealed a decrease in foam cell formation in macrophages derived from CAD‐deficient mice than those from control littermates (Figure [4](#jah31932-fig-0004){ref-type="fig"}D).

![CAD deficiency in marrow‐derived macrophages attenuates foam cell formation. A, PCR assay was performed to identify bone marrow transplantation of CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice. B, (Left) Representative images showing Oil Red O staining of the entire aortas from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ BMT mice. (Right) Quantification of the percentage of lesion areas (n=10). \**P*\<0.05 versus ApoE^−/−^ BMT mice. C, (Left) Representative images of cross‐sections of aortic roots stained with hematoxylin and eosin. Scale bar=100 μm. (Right) Quantification of the areas of plaques of aortic roots (n=5). \**P*\<0.05 versus ApoE^−/−^ BMT mice. D, (Left) Representative images of Oil Red O--stained foam cells treated with PBS and Ox‐LDL for 24 hours from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice. Scale bar=25 μm. (Right) Optical density of foam cells stimulated with Ox‐LDL for 24 hours from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice (n=11). \**P*\<0.05 versus ApoE^−/−^ mice. BMT indicates bone marrow transplantation; CAD, caspase‐activated DNase; CAD Del, CAD deletion; Ox‐LDL, oxidized low‐density lipoprotein; PCR, polymerase chain reaction; WT, wild type.](JAH3-5-e004362-g004){#jah31932-fig-0004}

Loss of CAD Decreases Apoptosis of Macrophages {#jah31932-sec-0019}
----------------------------------------------

Macrophage apoptosis occurs throughout all phases of atherosclerosis and exerts distinct effects on the development of atherosclerosis.[19](#jah31932-bib-0019){ref-type="ref"} To test whether CAD knockout has an influence on apoptosis of macrophages, TUNEL staining of the aortic roots was performed. We found that the ratio of positive cells displayed a sharp decrease in CAD^−/−^ApoE^−/−^ mice, in contrast with that of the ApoE^−/−^ littermates (Figure [5](#jah31932-fig-0005){ref-type="fig"}A and [5](#jah31932-fig-0005){ref-type="fig"}B). In addition, the reverse‐transcriptase (RT)‐PCR assay revealed that the relative mRNA levels of antiapoptotic proteins (eg, B‐cell lymphoma 2 \[Bcl2\], cellular FLIP long isoform protein \[cFLIPL\], dolichyl‐diphosphooligosaccharide--protein glycosyltransferase subunit DAD1 \[DAD1\], and survivin) were increased in CAD^−/−^ApoE^−/−^ mice, whereas the levels of the proapoptotic proteins Bax and Fas ligand (FasL) were declined (Figure [5](#jah31932-fig-0005){ref-type="fig"}C). Furthermore, we treated peritoneal macrophages with PBS and Ox‐LDL for 24 hours to validate the results in vitro. The mRNA levels of antiapoptotic proteins showed an increase, whereas the levels of proapoptotic proteins (eg, cleaved‐caspase 3, Bcl2‐associated X protein \[Bax\], and FasL) showed a decline in macrophages from CAD^−/−^ApoE^−/−^ mice treated with Ox‐LDL (Figure [5](#jah31932-fig-0005){ref-type="fig"}D), which were in accord with those obtained by immunoblotting (Figure [5](#jah31932-fig-0005){ref-type="fig"}E). Taken together, the data suggest that the loss of CAD decreases macrophage apoptosis both in vivo and vitro.

![Loss of CAD decreases apoptosis of macrophages. A, Representative images of TUNEL staining of the aortic sinus with CD68 in the lesions from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice. Original magnification, ×20. Scale bar=100 μm. B, Quantification of the percentage of apoptotic cells in lesion areas (n=5). \**P*\<0.05 vs ApoE^−/−^ mice. C, The mRNA expression of apoptotic proteins in vivo, as determined by real‐time PCR. \**P*\<0.05 vs ApoE^−/−^ mice. D, The expression of apoptotic proteins in peritoneal macrophages treated with PBS and Ox‐LDL for 24 hours from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice, as determined by real‐time PCR. \**P*\<0.05 vs ApoE^−/−^ mice. E, (Left) Western blot analysis of apoptotic proteins in the peritoneal macrophages treated with PBS and Ox‐LDL for 24 hours from CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice. (Right) The target protein expression levels were normalized to the levels of GAPDH. \**P*\<0.05 vs ApoE^−/−^ mice. Bax indicates Bcl2‐associated X protein; Bcl2, B‐cell lymphoma 2; CAD, caspase‐activated DNase; cFLIPL, cellular FLIP long isoform protein; DAD1, dolichyl‐diphosphooligosaccharide--protein glycosyltransferase subunit DAD1; DAPI, 4',6‐diamidino‐2‐phenylindole; FasL, Fas ligand; Ox‐LDL, oxidized low‐density lipoprotein; PCR, polymerase chain reaction; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.](JAH3-5-e004362-g005){#jah31932-fig-0005}

CAD Ablation Inhibits the Inflammatory Response {#jah31932-sec-0020}
-----------------------------------------------

Given that atherosclerosis is a chronic inflammatory disease,[20](#jah31932-bib-0020){ref-type="ref"}, [21](#jah31932-bib-0021){ref-type="ref"} we examined whether CAD deficiency makes a difference in the expression of inflammatory mediators, including cytokines and adhesion molecules, which contribute to the formation of atherosclerotic lesions.[11](#jah31932-bib-0011){ref-type="ref"} Immunofluorescence staining of aortic roots revealed that the expression levels of the adhesion molecule, intercellular adhesion molecule 1 (ICAM‐1), and the proinflammatory mediators, interleukin (IL)‐6 and nuclear factor kappa B (NF‐κB) P65 subunit were markedly reduced in CAD^−/−^ApoE^−/−^ mice versus ApoE^−/−^ mice (Figure [6](#jah31932-fig-0006){ref-type="fig"}A). Meanwhile, we measured the serum concentrations of inflammatory cytokines. The results exhibited that the serum level of proinflammatory markers (eg, tumor necrosis factor alpha \[TNF‐α\], monocyte chemoattractant protein 1 \[MCP‐1\], IL‐6, and IL‐1β) were significantly reduced in the CAD‐deficient mice compared to that in ApoE^−/−^ controls (Figure [6](#jah31932-fig-0006){ref-type="fig"}B), which is consistent with the mRNA expression data obtained by RT‐PCR (Figure [6](#jah31932-fig-0006){ref-type="fig"}C). Further analysis of mRNA levels of the chemokine, inducible nitric oxide synthase (iNOS), and adhesion molecule vascular cell adhesion molecule 1 (VCAM‐1) displayed a remarkable reduction in CAD^−/−^ApoE^−/−^ mice compared to that in the ApoE^−/−^ mice (Figure [6](#jah31932-fig-0006){ref-type="fig"}C). At the same time, the levels of phosphorylation of IκB kinase beta (IKKβ), nuclear factor of kappa light polypeptide gene enhancer in B‐cells inhibitor, alpha (IκBα), and P65 were much lower in CAD‐knockout mice than in ApoE ablation littermates (Figure [6](#jah31932-fig-0006){ref-type="fig"}D and [6](#jah31932-fig-0006){ref-type="fig"}E). Collectively, these evidences demonstrate that CAD deletion inhibits the inflammatory response.

![CAD deficiency decreases inflammation. A, Representative images showing immunofluorescence staining of cross‐sections of the aortic sinus for ICAM‐1, IL‐6, and p‐P65. Scale bar=100 μm. B, Serum levels of inflammatory cytokines, TNF‐α, MCP‐1, IL‐6, and IL‐1β, in CAD ^−/−^ApoE^−/−^ mice and ApoE^−/−^ littermates. \**P*\<0.05 versus ApoE^−/−^ mice. C, Real‐time PCR assays were performed to determine mRNA expression of inflammatory mediators and adhesion molecules. \**P*\<0.05 versus ApoE^−/−^ mice. D, Western blot analysis of total (T‐) and phosphorylated (p‐) IKKβ, IkBα, and P65. E, Statistical analysis of the immunoblots. The target protein expression levels were normalized to the levels of GAPDH. \**P*\<0.05 vs ApoE^−/−^ mice. CAD indicates caspase‐activated DNase; ICAM‐1, intercellular adhesion molecule 1; IL, interleukin; IkBα, nuclear factor of kappa light polypeptide gene enhancer in B‐cells inhibitor, alpha; IKKβ, IκB kinase beta; iNOS, inducible nitric oxide synthase; MCP‐1, monocyte chemoattractant protein 1; PCR, polymerase chain reaction; TNF‐α, tumor necrosis factor alpha; VCAM‐1, vascular cell adhesion molecule‐1.](JAH3-5-e004362-g006){#jah31932-fig-0006}

CAD Deficiency Inhibits the Mitogen‐Activated Protein Kinase Kinase/Extracellular Signal‐Regulated Kinase 1 and 2 Signaling Pathway {#jah31932-sec-0021}
-----------------------------------------------------------------------------------------------------------------------------------

To define the molecular mechanism underlying the protection effect of CAD ablation on atherosclerosis, we examined the phosphorylated levels of mitogen‐activated protein kinase (MAPK) kinase (MEK1/2), extracellular signal‐regulated kinase 1 and 2 (ERK1/2), c‐Jun N‐terminal kinase 1 and 2 (JNK1/2), and P38 by western blotting. The results indicated that MEK‐ERK1/2 phosphorylation was decreased in CAD^−/−^ApoE^−/−^ mice, whereas no significant differences in JNK1/2 and P38 were observed between the two groups (Figure [7](#jah31932-fig-0007){ref-type="fig"}A and [7](#jah31932-fig-0007){ref-type="fig"}B). Moreover, immunofluorescent costaining of ERK phosphorylation and CD68 also revealed a decrease of ERK phosphorylation, mainly in macrophages, in the lesions of the CAD^−/−^ApoE^−/−^ mice compared with those of the ApoE^−/−^ controls (Figure [7](#jah31932-fig-0007){ref-type="fig"}C). Additionally, we pretreated peritoneal macrophage with U0126 (an MEK inhibitor that prevents ERK1/2 phosphorylation) for 1 hour and then treated the cells with Ox‐LDL for 24 hours after infection with adenovirus‐expressing green fluorescent protein (AdGFP) or adenovirus‐expressing CAD (AdCAD) to test the role of CAD‐deficiency on suppression of NF‐κB. We noticed that the increased expression of NF‐κB mediated by overexpression of CAD was dramatically suppressed by pretreatment with U0126 by western blot (Figure [7](#jah31932-fig-0007){ref-type="fig"}D), which demonstrated that the detrimental role of CAD in atherosclerosis is largely associated with the role of MEK‐ERK1/2 signaling on NF‐κB activation.

![Effect of CAD on the MAPK signaling pathway. A, Representative western blots of total and phosphorylated MEK1/2, ERK1/2, JNK1/2, and P38 in CAD ^−/−^ApoE^−/−^ and ApoE^−/−^ mice. B, Relative protein levels of phosphorylated MEK1/2 and ERK1/2 were quantified after normalization to GAPDH. \**P*\<0.05 versus ApoE^−/−^ mice. C, Representative images of double‐immunofluorescence staining of phosphorylated ERK and CD68. Original magnification, ×40. Scale bar=100 μm. D, (Left) Western blot analysis of phosphorylated and total IkBα, and P65 in the peritoneal macrophages pretreated with U0126 for 1 hour after infection with AdGFP and AdCAD. (Right) Statistical analysis of the immunoblots. Target protein expression levels were normalized to the levels of GAPDH. \**P*\<0.05 versus AdGFP; ^\#^ *P*\<0.05 versus AdGFP+U0126; ^†^ *P*\<0.05 versus AdCAD. AdCAD indicates adenovirus‐expressing CAD; AdGFP, adenovirus‐expressing green fluorescent protein; CAD, caspase‐activated DNase; DAPI, 4',6‐diamidino‐2‐phenylindole; ERK1/2, extracellular signal‐regulated kinase 1 and 2; IkBα, nuclear factor of kappa light polypeptide gene enhancer in B‐cells inhibitor, alpha; IkBβ, nuclear factor of kappa light polypeptide gene enhancer in B‐cells inhibitor, beta; JNK1/2, c‐Jun N‐terminal kinase 1 and 2; MAPK, mitogen‐activated protein kinase; MEK1/2, MAPK kinase 1 and 2.](JAH3-5-e004362-g007){#jah31932-fig-0007}

Discussion {#jah31932-sec-0022}
==========

Atherosclerosis is a chronic and progressive disease that is triggered by lipid accumulation in the arterial wall and is highly correlated with inflammation mediated by macrophages. The infiltration of macrophages differentiated from monocytes plays a crucial role in the severity of atherosclerosis.[22](#jah31932-bib-0022){ref-type="ref"} The differentiated macrophages subsequently engulf lipoproteins, particularly modified LDL, resulting in foam cell formation.[23](#jah31932-bib-0023){ref-type="ref"} In our study, we demonstrated that CAD was upregulated in the atherosclerotic plaques and was predominantly localized in macrophages. Meanwhile, the BMT assay indicated that the loss of CAD in bone marrow--derived macrophages accounted for decreased atherosclerotic lesions. Furthermore, CAD deficiency inhibited the formation of foam cells, which is perceived as a critical step for the subsequent inflammatory response.[24](#jah31932-bib-0024){ref-type="ref"} Increasing evidence suggests that inflammation plays a significant role in all phases of atherosclerosis,[25](#jah31932-bib-0025){ref-type="ref"} and macrophages in advanced plaques have been regarded as major contributors to the inflammatory response through the secretion of proinflammatory mediators,[26](#jah31932-bib-0026){ref-type="ref"} which promotes highly inflamed and necrotic plaques referred to "vulnerable plaques."[6](#jah31932-bib-0006){ref-type="ref"} Here, we found that the CAD knockout mice exhibited decreased expression levels of proinflammatory cytokines, such as IL‐6, IL‐1β, and TNF‐α, as well as suppressed NF‐κB signaling.[27](#jah31932-bib-0027){ref-type="ref"} NF‐κB is a proatherogenic factor, primarily attributed to its regulation of proinflammatory genes correlated with atherosclerosis.[28](#jah31932-bib-0028){ref-type="ref"} Its activity is found in many cell types, including adipocytes and macrophages,[29](#jah31932-bib-0029){ref-type="ref"} and it is required for macrophage function in atherosclerosis.[30](#jah31932-bib-0030){ref-type="ref"}

Macrophage apoptosis is complex and occurs throughout the atherosclerotic process.[19](#jah31932-bib-0019){ref-type="ref"} In the early phase of atherosclerosis, macrophages in the lesions effectively phagocytosis and clear apoptotic cells, which appears to alleviate atherosclerosis to some extent.[19](#jah31932-bib-0019){ref-type="ref"} Nevertheless, in advanced lesions, the increase in apoptotic macrophages gives rise to defective efferocytosis, which promotes inflammatory responses and secondary necrosis of the apoptotic cells through the release of inflammatory mediators.[19](#jah31932-bib-0019){ref-type="ref"}, [31](#jah31932-bib-0031){ref-type="ref"}, [32](#jah31932-bib-0032){ref-type="ref"} This process occurs concomitantly with an increase in the vulnerability of atheromatous plaques, contributing to the amplification of necrotic cores and subsequent plaque rupture.[22](#jah31932-bib-0022){ref-type="ref"} Previous studies have stated that CAD is identified as the DNase responsible for apoptotic DNA degradation, which is one of the hallmarks of apoptosis. Cells lacking CAD do not go through apoptotic DNA fragmentation, implying that CAD is solely in charge of this process.[7](#jah31932-bib-0007){ref-type="ref"}, [33](#jah31932-bib-0033){ref-type="ref"} In proliferating cells, CAD is complexed in the cytosol with its inhibitory partner, ICAD, which functions as a chaperone for CAD synthesis and inhibits its DNase activity.[34](#jah31932-bib-0034){ref-type="ref"} When caspases, particularly caspase 3, which is downstream in the cascade, are activated by apoptotic stimuli, CAD is cleaved and dissociated from the CAD/ICAD complex.[35](#jah31932-bib-0035){ref-type="ref"} Then, CAD forms a scissors‐like dimer and enters the nucleus to degrade chromosomal DNA.[36](#jah31932-bib-0036){ref-type="ref"} In our study, we found that macrophage apoptosis was decreased in CAD^−/−^ApoE^−/−^ mice. Thus, we concluded that CAD deficiency has an antiapoptotic effect on the development of atherosclerosis, especially in advanced lesions, which were induced by an HFD for 28 weeks. Furthermore, in the current study, smaller necrotic cores of atherosclerotic lesions, but thicker fibrous caps, were observed in CAD^−/−^ApoE^−/−^ mice than in ApoE^−/−^ controls. Increasing evidence suggests that defective efferocytosis in advanced atheromata is a primary cause of necrotic core formation and thus contributes substantially to the formation of vulnerable plaques.[6](#jah31932-bib-0006){ref-type="ref"} In this context, we examined 4 features of plaque stability, and the results showed an increase in the collagen and SMC content and a decrease in the infiltration of macrophages, along with the accumulation of lipids in CAD knockout mice. Multiple factors associated with atherosclerotic plaque vulnerability have been reported, including the thinning of the fibrous cap, expanded necrotic cores, loss of structural proteins, and a highly activated inflammatory response.[37](#jah31932-bib-0037){ref-type="ref"} Additionally, vulnerable plaques are prone to rupture and can lead to clinical manifestations, such as myocardial infarction, unstable angina, sudden cardiac death, and stroke.[38](#jah31932-bib-0038){ref-type="ref"}

A better understanding of the underlying mechanism involved in the pathophysiology of atherosclerosis will be of significance for developing new therapies. A previous study revealed that CAD deficiency protects against cardiac hypertrophy by suppressing the MAPK signaling pathway.[10](#jah31932-bib-0010){ref-type="ref"} Additionally, evidence has shown that MAPK plays a pivotal role in the regulation of atherosclerosis,[39](#jah31932-bib-0039){ref-type="ref"} and the majority of mammalian MAPK pathways are recruited by stress and inflammatory stimuli, combined with the NF‐κB pathway.[40](#jah31932-bib-0040){ref-type="ref"} The MAPK cascade consists of a series of kinases, including ERKs, JNKs, and P38. The prototypic ERK1/2 pathway is mainly responsive to stimulation by growth factors,[41](#jah31932-bib-0041){ref-type="ref"} whereas JNK and P38 are induced by physical, chemical, and physiological stressors, such as ultraviolet light, oxidative stress, infection, and cytokines.[42](#jah31932-bib-0042){ref-type="ref"} In our study, we determined the protein expression levels of components of the MAPK and NF‐κB signaling pathways. Phosphorylated MEK1/2 and ERK1/2 were decreased in CAD^−/−^ApoE^−/−^ mice, whereas phosphorylated JNK1/2 and P38 made no difference between the 2 groups. Consistent with the above‐mentioned results, the levels of IKKβ, IκBα, and P65 phosphorylation were downregulated in CAD^−/−^ApoE^−/−^ mice. Furthermore, we found that phosphorylated ERK was predominantly expressed in the macrophages and was less abundant in the CAD knockout mice compared to the ApoE knockout mice, as determined by immunofluorescence staining. More important, we noticed that the activation of NF‐κB by overexpression of CAD was attenuated by inhibiting ERK1/2 activation. All of the differences in this research have been tested for statistical significance by choosing appropriate statistical analysis methods, it still should be noted that some significant tests might have occurred by chance alone.

In summary, the present study provides the first evidence regarding the role of CAD in atherosclerosis. Our findings indicate that the knockout of CAD globally, or at least in macrophages derived from bone marrow, ameliorates the development of atherosclerosis. This process occurs through an enhancement in the stability of plaques by suppressing foam cell formation and decrease in macrophage apoptosis and inflammation through suppression of the MEK‐ERK1/2 and NF‐κB signaling pathways. Our study suggests a novel therapeutic strategy for the treatment of atherosclerosis and clinical complications.
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